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BASIC REQUIREMENTS FOR MANUSCRIPTS 


This Journal represents an effort by the Society to deliver information to the 
reader with the greatest possible speed. To this end the material herein has 
none of the usual editing required in more formal publications. 


Original papers and discussions of current papers should be submitted to the 
Manager of Technical Publications, ASCE. Authors should indicate the technical 
division to which the paper should be referred. The final date on which a dis- 
cussion should reach the Society is given as a footnote with each paper. Those 
who are planning to submit material will expedite the review and publication 
procedures by complying with the following basic requirements: 


1. Titles should have a length not exceeding 50 characters and spaces. 
2. A 50-word summary should accompany the paper. 


3. The manuscript (a ribbon copy and two copies) should be double-spaced 
on one side of 84-in. by ll-in. paper. Papers that were originally prepared for 
oral presentation must be rewritten into the third person before being submitted. 


4. The author's full name, Society membership grade, and footnote reference 
stating present employment s!:ould appear on the first page of the paper. 


5. Mathematics are reproduced directly from the copy that is submitted. 
Because of this, it is necessary that capital letters be drawn, in black ink, Y-in. 
high (with all other symbols and characters in the proportions dictated by 
standard drafting practice) and that no line of mathematics be longer than 6¥2-in. 
Ribbon copies of typed equations may be used but they will be proportionately 
smaller on the printed version. e 


6. Tables should be typed (ribbon copies) on one side of 8'%4-in. by 11-in. 
paper with a 6¥4-in, by 10'%-in. invisible frame. Small tables should be grouped 
within this frame. Specific reference and explanation should be made in the text 
for each table. 


7. Illustrations should be drawn in black ink on one side of 8Ya-in. by 11-in. 
paper within an invisible frame that measures 64:in. by 10'-in.; the caption 
should also be included within the frame. Because illustrations will be reduced 
to 69% of the original size, the capital letters should be '4-in. high. Photographs 
should be submitted as glossy prints in a size that is less than 6Yg-in. by 10-in. 
Explanations and descriptions should be made within the text for each illustration. 


b. Papers should average about 12,000 words in length and should be no 
longer than 18,000 words. As an approximation, each full page of typed text, 
table, or illustration is the equivalent of 300 words. 


Further information concerning the preparation of technical papers is con- 
tained in the “Technical Publications Handbook” which can be obtained from 
the Society. 


Reprints from this Journal may be made on condition that the full title of 
the paper, name of author, page reference (or paper number), and date of 
publication by the Society are given. The Society is not responsible for any 
statement made or opinion expressed in its publications. 


This Journal is published quarterly by the American Society of Civil 
Engineers. Publication office is at 2500 South State Street, Ann Arbor, Michigan. 
Editorial and General Offices are at 33 West 39 Street, New York 18, New York. 
$4.00 of a member's dues are applied as a subscription to this Journal. Second- 
class postage paid at Ann Arbor, M‘chigan. 
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a Journal of the 

IRRIGATION AND DRAINAGE DIVISION > 
a Proceedings of the American Society of Civil Engineers a 
af A METHOD OF FINANCING GROUND WATER REPLENISHMENT 
Howard W. Crooke! 
(Proc. Paper 1860) 
SYNOPSIS 


A program of financing ground water replenishment by a dual tax2 struc- 
ture in which a replenishment assessment or charge for each acre foot of 
water extracted from the ground water basin provides the major source of 
revenue. This program has provided the necessary funds to import sufficient 
water to stop the continued depletion of the underground water basin in 
Orange County, California, and to start replenishment of the historical ac- 
cumulated overdraft. The legal and practical procedures used to institute 
and administer the program are outlined in this paper. 


INTRODUCTION 


Water levels rose an average of five and one-half feet in the underground 
basin beneath the Orange County Water District last year, November 1, 1956 
to November 1, 1957. This was a year in which the local rainfall was only 
two-thirds of normal—a year in which the inflow into Orange County from the 
largest watershed in Southern California via the Santa Ana River was the 
lowest of record—a year in which the total extractions from the ground water 
supplies of the District were the largest of record. This cise of five and one- 
half feet in the face of these adverse conditions was the result of the importa- 
tion of 148,000 acre feet of water transported some 275 miles from the 
Colorado River into the area of the Orange County Water District for direct 
use and for ground water replenishment. Present indications are that during 
the current year, November 1, 1957 to November 1, 1958, there will be 
another substantial rise in average water level resulting from the continued 


Note: Discussion open until May 1, 1959. To extend the closing date one month, a 
written request must be filed with the Executive Secretary, ASCE. Paper 1860 is 
part of the copyrighted Journal of the Irrigation and Drainage Division, Proceedings 
of the American Society of Civil Engineers, Vol. 84, No. IR 4, December, 1958. 

1. Secy. Mgr., Orange County Water Dist., Santa Ana, Calif. 

2. The replenishment assessment is better defined as a charge than as a tax. 
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importation of Colorado River water. The program is unique in that the 
major portion of the funds used for purchasing supplemental water for ground 
water replenishment is derived from a replenishment assessment or charge 
levied on the production of ground water. 


The Need for Supplemental Water 


Early in 1920’s, soon after the City of Los Angeles had completed its 
Owens Valley Aqueduct, Los Angeles and other cities within Los Angeles 
County, together with some of the cities in Orange County, recognized the 
need for additional supplemental water to sustain the foreseeable economic 
development of the greater Metropolitan Area of which they all are a part. 
As a result, The Metropolitan Water District of Southern California was 
created. Bonds were voted equal to approximately ten per cent of the then 
assessed valuations of the service area of the Metropolitan Water District to 
build an aqueduct system, complete with the necessary pumping facilities, to 
move water from the Colorado River and prepare it for use. The result was 
the Colorado River Aqueduct which the American Society of Civil Engineers 
has selected as one of the Seven Civil Engineering Wonders of the United 
States. Three of the original thirteen member cities are located in Orange 
County, and subsequently, much more of the area of Orange County has been 
annexed to the Metropolitan Water District. At the present time, the portion 
of the County which is a part of the Metropolitan Water District contains in 
excess of 99 per cent of the County’s total assessed valuation. 

After World War II, people, industry and commerce began moving to the 
Orange County area in great numbers, causing a critical need for supplemen- 
tary water. The Orange County Water District started purchasing Colorado 
River water for ground water replenishment from the Metropolitan Water 
District in August 1949 with funds derived from an ad valorem tax. The 
Orange County Flood Control District also bought limited amounts of Colorado 
River water for ground water replenishment. The finances then available 
were not sufficient, however, to purchase supplemental water in sufficient 
volumes to offset the annual overdrafts which were accruing in the District 
Basin so that the need for finding ways and means of raising money on an 
equitable basis to pay for more imported water became very urgent. 


Enabling Legislation 


A more adequate ground water recharge program was formulated and pre- 
sented to the California State Legislature in 1953, and legislation was enacted 
into law effective September 9, 1953 by amending the Orange County Water 


District Act of 1933. The program thereby provided was designed to achieve 
the following results: 


1. Adequate supplies of ground water for all inhabitants and land owners 
of the District. 


2. Adequate water supplies not only for the present inhabitants and land 
owners, but also for those yet to come. 


3. Realistic financing shared on a proportional basis by those receiving 
either direct or indirect benefits. 
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The Orange County Water District encompasses an area of approximately 
180,000 acres, with a current assessed valuation of $618,000,000. The area 
is composed of land which overlies or receives its water from the underlying 
coastal ground water basin. On November 1, 1956, the average elevation of 
ground water in this basin was 21 feet below sea level, with wells in some 
areas producing water from 80 feet below sea level. Engineering studies 
indicate that sea water has intruded some four miles into the Basin ona 
three to four-mile front. The average annual overdraft on the natural supply 
to the District Basin for the past ten years has been determined to be 70,000 
acre feet. One of the principal purposes of the replenishment program is to 
provide the necessary funds to purchase enough water for ground water re- 
charge to replace the annual overdrafts and within ten to twenty years to 
bring water levels in wells high enough to stop further intrusion of sea water. 

Funds of the District are derived from two main sources: 


1. A general assessment which cannot exceed 8¢ per $100 of assessed 
valuation on all assessable property within the District, excluding personal 
property; and 


2. A replenishment assessment or charge on the production of ground 
water. 


The rate for each of these assessments is set annually by the Board of 
Directors of the District. The general assessment rate now in effect is the 
allowable 8¢ per $100 of assessed valuation, which will provide approximately 
$480,000 this year. The current replenishment assessment rate is $3.90 per 
acre foot of ground water production. Approximately $680,000 in replenish- 
ment assessment moneys were collected on water produced during the last 
fiscal year. The funds derived from the replenishment assessments must be 
used exclusively for the purchase of water originating outside the watershed 
of the Santa Ana River to replenish the ground water supply. The funds ac- 
cruing from the general assessment provide for all other expenses of the 
District, including capital costs and limited purchases of water as provided 
in the Legislative amendments. 

The first replenishment assessment was levied on June 9, 1954 at the rate 
of $3.50 per acre foot of water produced, and applied to all ground water pro- 
duced within the exterior boundaries of the District during the fiscal year 
July 1, 1954 to June 30, 1955. 

In order to determine the validity of the legislative enactment under which 
the replenishment assessment was levied, and also to determine if the pro- 
ceedings of the Board of Directors prior to and in the actual levy of the re- 
plenishment assessment were in proper order, the District filed an action in 
the Superior Court of Orange County to determine the validity of the pertinent 
amendments which are a part of Chapter 770 of the Statutes of 1953, California. 
Two groups of respondents contested. The case came to trial on November 1, 
1954, and a Memorandum Opinion was issued on March 17, 1955 in which the 
Court found that the replenishment assessment heretofore levied by the Board 
of Directors of the Orange County Water District was valid. The judgment in 
the case was appealed by the respondents to the Court of Appeals. On January 
17, 1956 the Opinion of the Appellate Court was filed, finding in behalf of 
the District on all points. A portion of the closing paragraph of the Opinion 
reads as follows: 
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“While the situation here is somewhat new, insofar as legal precedents 
are concerned, it is one presenting problems which are presenily of 
great importance to the district in question, and which in all probability 
will increasingly continue to present such problems. Under the circum- 
stances, such a charge or assessment should not be held unconstitutional 
and void where it cannot be held to be in clear and substantial conflict 
with the fundamental law.” 


The Supreme Court of California denied a petition for rehearing the case. 


Administration of the New Law 


The Legislative provisions and the procedures followed in administering 
the program are as follows: 


1. Legal provision 


“Sec. 24. On or before the fifteenth day of January, 1954 all water produc- 
ing facilities located within the boundaries of the Orange County Water 
District shall be registered with said district by the operator thereof. Any 
new waier producing facility constructed or re-established after such date 
shall be registered with said district within 30 days after the completion or 
re-establishment thereof. 


“Failure to register any water producing facility with said district isa 
misdemeanor punishable by a fine of not to exceed five hundred dollars 
($500) or imprisonment in the county jail for not to exceed six months or 
both such fine and imprisonment.” 


Procedure followed 


A. A “Registration Form” was developed to be used for the registration of 
each water producing facility in the District. It was designed to secure the 
information required by the Act, as well as supplemental information deemed 
necessary by the Board of Directors. It is a simple one-page form, executed 
in duplicate to provide a copy for the registrant as well as for the District. 


B. A complete set of County Assessor’s maps for the entire area of the 
District was procured. These maps show all parcels of land located within 
the District, and the location of each registered water well has been indicated 
on these maps. 


C. A numbering system was developed whereby a number has been as- 
signed to each registered well which identifies it permanently. This number- 
ing system is correlated with the numbering system used by the County 
Assessor to identify the particular parcel of land on which the well is located. 


D. An informational pamphlet was assembled and distributed to all water 
well owners and operators. It outlines and explains the procedure necessary 
to get the replenishment program under way. 


E. Necessary personnel was employed and trained to locate all water wells 


within the boundaries of the District and to assist the operators in completing 
the registration forms. 
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2. Legal provision 


“Sec. 29. Each operator of a water producing facility within said district 
shall file with said district on or before February 15, 1954, an information 
water production statement. Such statement shall provide, among other 
information which said district may require, an estimate of the total pro- 
duction of water from each water producing facility for the preceding 
water year, an estimate of the production of water from each water pro- 
ducing facility for the current water year, an estimate of the production 

of water from each water producing facility for the ensuing water year and 
information as to the method or basis of making such estimate.” 


Procedure followed 


A. An “Informational Water Production Statement” form was drawn up 
and mailed in duplicate to all operators of registered water producing facili- 
ties, requesting the completion and return of one copy. 


B. The information received from the completed forms was tabulated to 
determine estimated production of ground water for each of the specified 
years. The information obtained by this means was very helpful in deter- 
mining potential ground water production for consideration by the Board of 
Directors of the District at the time of the levy of the first replenishment 
assessment. 


3. Legal provision 


“Sec. 25. The district shail annuaily order an investigation and report to 
be made by an engineer or engineers employed by said district for the 
purpose of investigating and reporting upon ground water conditions of said 
district. The investigation and report shall include among other informa- 
tion which said district may desire, information for the consideration of 
the board in its determination of the annual overdraft, information for the 
consideration of the board in its determination of the accumulated over- 
draft as of the last day of the preceding water year, a report as to the 
total production of water from the ground water supplies of said district 
for the preceding water year, an esiimate of the annual overdraft for the 
current waier year and for the ensuing water year, and a recommendation 
as to the quantity of water to be purchased for replenishment of the ground 
waer supplies of said district for the ensuing year.” 


Procedure followed 


The Consuliing Engineer of the District was authorized and instructed to 
make the necessary investigation and report. 


4. Legai provision 


“Sec. 26. On the second Wednesday in March of each year, the engineering 
investigation and report shall be delivered to the secretary of said district 
in writing. Said secretary shall publish a notice of the receipt of such re- 
port in a newspaper of general circulation, printed and published within 
said district, at least 10 days prior to the date at which the public hearing 
regarding ground water conditions shall be held. Said notice, among other 
information which the district may provide therein, shall contain an 
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invitation to all operators of water producing facilities within said district 


to call at the offices of said district to examine said engineering investiga- 
tion and report.” 


Procedure followed 


The Engineer’s Report on Ground Water Conditions, including a ground 
water contour map for the area of the District, was submitted as required 
and the notice of the public hearing was published. 


5. Legal provision 


“Sec. 26. . . . There shall be held, by the board of directors, on the second 
Wednesday of April of each year, at the district offices a public hearing at 
which time any operator of a water producing facility within said district 

or any person interested in the condition of the ground water supplies of 
said district may in person or by representative appear and submit evi- 
dence concerning the ground water conditions of said district. Appearances, 
also, may be made supporting or protesting said written engineering inves- 
tigation and report.” 


Procedure followed 


The public hearing was held as required, and a transcript of the hearing is 
available to any person concerned. 


6. Legal provision 


“Sec. 27. . . . On the second Wednesday in June of each year, at the hour 
of 2 p.m. at the offices of said district, the board of directors shall hold a 
public hearing for the purpose of determining the need and desirability of 
levying a replenishment assessment and fixing the rate thereof. In com- 
puting and fixing the replenishment assessment rate, there shall be al- 
lowed 10 percent for delinquencies. Notice of such hearing shall be given 
by publication in a newspaper of general circulation printed and published 
within said district, at least 10 days prior to the date set for said hearing.” 


Procedure followed 


A notice of the required public hearing was published in a newspaper of 
general circulation and the public hearing was held. A transcript of this hear- 
ing is available to any person concerned. 


7. Legal provision 


“Sec. 26. . . . Said board of directors shall, before the levy of the replen- 
ishment assessments, find and determine the average annual overdraft for 
the immediate past 10 water years; the estimated annual overdraft for the 
current water year; the estimated annual overdraft for the ensuing water 
year; the accumulated overdraft as of the last day of the preceding water 
year; the estimated accumulated overdraft as of the last day of the current 
water year; the amount of water which should be purchased for the re- 
plenishment of the ground water supplies of said district for the ensuing 
water year, and the sum of money necessary therefor. 


“Such finding and determination by said board shall be conclusive and bind- 
ing upon all persons and parties.” 
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Procedure followed 


The Board of Directors made all findings and determinations required in 
the above cited Section. These were made following the public hearing held 
on the second Wednesday in June. 


8. Legal provision 


“Sec. 27. If the board of directors finds and determines that an overdraft, 
either annual or accumulated, does exist, then said board may levy and 
assess a charge or replenishment assessment against all persons operat- 
ing water producing facilities and producing water during the ensuing 
water year, which assessment or charge shall be computed and fixed 

at a uniform rate per acre-foot of such water production. 


“The total of the replenishment assessment levied in any year shall not 
exceed an amount of money found to be necessary to purchase sufficient 
water to replenish the average annual overdraft for the immediate past 10 
water years plus an additional amount of water sufficient to eliminate over 
a period of not less than 10 years nor more than 20 years, the accumulated 
overdraft; provided, further, that the replenishment assessment in any 
year as computed and fixed at a uniform rate per acre-foot of water pro- 
duced shall not exceed five dollars and fifty cents ($5.50) per acre-foot of 
water produced except upon the vote of eight directors of said district.” 


Procedure followed 


On June 9, 1954, following the public hearing on the same date, after mak- 
ing its findings and determinations as provided in Section 26 of the Act the 
Board of Directors of the District levied the first replenishment assessment. 
It was levied at the uniform rate of $3.50 per acre foot of water produced, 
and was assessed against all persons operating water producing facilities and 
producing water from the ground water supplies of the District during the en- 
suing water year, July 1, 1954 to and including June 30, 1955. 

In levying the replenishment assessment, the Board found it necessary to 
determine the probable extractions during the ensuing year in order to arrive 
at the uniform rate. The method used in determining the rate is illustrated 
as follows: Suppose, for example, the Board finds and determines that 67,800 
acre feet of water must be purchased during the ensuing year and that the 
water will cost $10.00 per acre foot, then $678,000 will be needed. If the 
Board determines that probable extractions will be 215,000 acre feet, then 
the rate is determined by dividing the $678,000 by 215,000 acre feet, which 
gives a rate of $3.15. The Act requires that there be a 10 per cent delinquency 
allowance, and therefore the actual replenishment assessment rate would be 
set at $3.50 per acre foot. 

Notices of the Levy of the replenishment assessment and of the uniform 
rate were mailed to all operators of registered wells. 


9. Legal provision 


“Sec. 29. . . . The board of directors may, at the time of fixing the re- 
plenishment assessment rate, provide by resolution that the operator of 

any water producing facilities having a discharge opening not greater than 
two inches in diameter and which do not provide domestic or irrigation 


si 
ite 
| 
\ = 
4 
j 
fe 
at 
an 
4 
q 
¥ 
¥ 
7 
4 
q 4 
7 


1860-8 IR 4 December, 1958 


water for an area in excess of one acre may pay a fixed amount as their 
replenishment assessment, in lieu of filing a sworn statement as to the 
production of ground water.” 


Procedure followed 


The Board of Directors of the District, in the adoption of the resolution in 
which they levied the first replenishment assessment, further provided that 
the operator of any water producing facility having a discharge opening not 
greater than two inches in diameter and which does not provide domestic or 
irrigation water for an area in excess of one acre, could pay a fixed amount 
as his replenishment assessment in lieu of filing a sworn statement as to the 
production of ground water during the water year. The rate established was 
$3.50 for each qualifying facility. 


10. Legal provision 


“Sec. 29. . . . Each operator of a water producing facility within said dis- 
trict shall file with said district on or before the thirty-first day of 
January, 1955, and on or before the thirty-first day of July, 1955, and 
thereafter on a semiannual basis on or before the last day in January and 
July of each year, a sworn statement setting forth the total production in 
acre-feet of water for the preceding six months period (excluding the 
month in which the statement is due), a general description or number 
locating each water producing facility and the method or basis of the 
computation of such water production. The replenishment assessment is 
payable to said district on or before the last date which the water produc- 
tion statements shall be filed and is computed by multiplying the produc- 


tion in acre-feet of water as disclosed in the statement, by the replenish- 
ment assessment rate.” 


Procedure followed 


“Water Production Statement” forms were prepared in duplicate and mailed 
to the operators of all registered water producing facilities immediately prior 
to January 1, 1955. An explanatory letter was enclosed which also offered 
the services of members of the District staff to aid in the completion of the 
forms if operators would come to the offices of the District. The water meter 
requirement (Section 35 of the Act) was not yet in effect when the replenish- 
ment assessment was first levied. There were less than 250 water wells 
which were equipped with water meters. In order to assist operators in as- 
sembling proper data for the completion of their water production statements, 
the District also furnished them with detailed information regarding the cor- 
relation between energy used and the amount of water produced, irrigation re- 
quirements for many of the crops produced in the area, water usage of the 
average home, and methods by which to determine the rate of flow froma 
well. The staff of the Orange County office of the Agricultural Extension 
Service of the University of California also assisted farmers in their deter- 
minations of water produced. 


11. Legal provision 


“Sec. 35. It shall be unlawful to produce water from any water producing 
facility within the boundaries of the Orange County Water District from 
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and after March 31, 1956, unless such water producing facility has been E 
registered with said district and has a water measuring device affixed Me 
thereto capable of registering the accumulated amount of water produced aj 


therefrom. 


“The board of directors by resolution may extend the date from March 31, 
1956, on a year to year basis upon its determination that availability, 
price of water measuring devices, or other circumstances justify such q 
extension; provided further, however, that no extension may be made tf 
beyond March 31, 1960. Should said date be extended, notice thereof shall 
be given by publication in a newspaper of general circulation within said 
district once a week for two successive weeks to be completed not less 
than two months prior to said date. 


“This section is not applicable to operators of water producing facilities 
having a discharge opening two inches or less in diameter and which do not 
provide domestic or irrigation water for an area in excess of one acre who ' 
pay, in accordance with district regulations a fixed charge in lieu of affix- 
ing a water measuring device. 


“Violation of this provision shall be punishable by a fine not to exceed five 
hundred dollars ($500) or imprisonment in the county jail for not to exceed 
six (6) months or by both such fine and imprisonment. Each day of opera- 
tion in violation hereof shall constitute a separate offense.” 


Procedure followed 


time of the Korean police action, and it was recognized that metals might be 
needed for defense purposes for an indefinite period of time. It was there- - 
fore considered advisable to inciude in the Act provisions for allowing the a 
District Board to grant an extension of time for the installation of water 

meters., By the spring of 1957 water meters had been installed on practically : 
all the wells where required. q 


The formulation of the 1953 amendments was undertaken in 1952 at the 7 


As soon as it was determined that a substantial number of water meters - 
had been installed, the District employed a meter reader who devotes full 4 
time to reading the water meters and the energy meters on all wells and re- a 
cording the readings On an individual record sheet for each well. The fact a 
that water meter readings are made at random intervals by the Orange County a 
Water District does not relieve the well owner of his obligation to read his 5 
own water meters at the start and end of each replenishment assessment pay- 
ment period. 

A sufficient number of readings have been recorded for each well to pro- 
vide a ready check for the staff of the District to determine any major dis- 
crepancies in the water production statements as filed by the operators. By 
this procedure well owners can be notified when it is determined that their 
water meters are not recording correctly the amount of water produced. It 
also provides a method whereby the District staff can be of assistance in i 
determining the probable amount of water production in such situations. a 

For each of the three water years immediately following the water year - 
1954-1955, the Board of Directors of the District levied a replenishment 
assessment on the production of ground water. The rate for the fiscal year 
1955-1956 was levied at $3.50 per acre foot. For each of the fiscal years 
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TABLE 1 


April 9, 1958 


PRODUCTION 


1956-1957 and 1957-1958 the rate was levied at $3.90 per acre foot. A re- 
view of the records of the District discloses that as of April 9, 1958 a total 
of $2,172,000 has accrued to the replenishment fund as shown in Table 1. 


Record of Water Production and Replenishment Assessment and Charges 


December, 1958 


AMOUNT COLLECTED 


PERIOD IN ACRE FEET RATE 
7/1/54 to 12/31/54 80,312.53 $3.50 
7 1/1/55 to 6/30/55 66,916.80 " 
7/1/55 to 12/31/55 84,872.53 " 
1/1/56 to 6/30/56 66,023.10 " 
7/1/56 to 12/31/56 105,432.0 $3.90 
1/1/57 to 6/30/57 79,158.6 " 
7/1/57 to 12/31/57 96 ,640.6 
Total replenishment assessments 
Penalty and Interest charges 
Interest 91-Day Treasury Bills 
7 GRAND TOTAL 
Engineering Studies 


coastal basin underlying the area of the District. 


After receiving the Engineer’s first “Report on Ground Water Conditions, 
Orange County Water District,” it was determined by the Board of Directors 
of the District that data pertaining to ground water conditions for preceding 
years would be very beneficial to the District. Available information was 
assembled on rainfall both in Orange County and throughout the watershed of 
the Santa Ana River, measurements of water levels in wells located within 
the District, and total volumes of Colorado River water delivered to the vari- 
ous agencies which received their basic ground water supplies from the 


$ 281,093.86 
234,208.80 
297,053.85 
231,080.85 
411,184.80 
308,718.54 
376,898.34 


$2,140,239.19 
23,029.18 
6,829.00 


$2,170,097.22 


By using the data on water levels in wells, ground water contour maps were 
prepared as of November first of each year for the period 1930 to 1953. 
These ground water contour maps were prepared by first locating on a base 
map of Orange County all wells with water level records available to the 
District. Beginning in 1928, the Orange County Flood Control District has 
collected measurements of rainfall, stream flow and water level in wells in 
Orange County. Measurements of water level have been made in some 1,400 
different wells throughout the County, but the number measured regularly at 
any one time has been about one-third this number. Of the wells measured 
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regularly, some were measured monthly, some weekly and some continuously 
with automatic water-stage recorders. The weekly and monthly measure - 
ments were made at times to represent, as nearly as possible, the static 
water-level in the wells unaffected by previous pumping of the well measured 
or by pumping of adjacent wells. 

For any particular year, the elevation of the water level in each well for 
which the November first measurement was available was marked on the 
map. In 1957, for example, readings were available for 350 wells. Readings 
from 66 of these wells were discarded because of the adverse effect of pump- 
ing or other factors. The readings for the remaining 284 wells were then 
used to prepare a ground water contour map for November 1, 1957. These 
contour lines reflect as nearly as possible the static elevations of ground 
water in wells, and therefore, the elevation of ground water in the basin be- 
neath the District. 

The contour maps are marked off in a grid system with the grid lines 
spaced at 5,000 feet and being roughly parallel and perpendicular to the 
Orange County shore line. The elevation at each of these evenly spaced grid 
points (288 points on the 1957 map) was then used to determine the average 
elevation of ground water in the District basin. 

The 5.5 foot rise in water level from November 1, 1956 to November 1, 
1957 is, as stated, only an average rise. In general, the maximum rise oc- 
curred in the northern portion of the basin near the spreading grounds and a 
small rise occurred in the portion of the basin near the ocean. Water levels 
in some wells dropped a few feet. 2 

These maps, together with the records of natural flows of the Santa Ana 
River into Orange County shown on Table 2 and the records of Colorado 
River water purchases, also shown on Table 2, have been used in developing 
a better understanding of the changes in water storage in the District that 
have occurred under varying conditions. 

Information pertaining to ground water production prior to the installation 
of water meters is not too reliable since much of it was estimated or com- 
puted by using the most reasonable methods then available. Now that water 
meters have been installed and are being checked periodically, more accurate 
production data will be available which will provide the basis for further en- 
gineering studies. For example, production from each square mile or other 
unit area within the District could be accurately determined and used in the 
study of underground movement of water. 


Water Importations 


Many of the cities and county water works districts in Orange County have 
been buying softened Colorado River water from the Metropolitan Water 
District for several years, and their purchases have been increasing in 
volume since 1942-1943. Irrigation companies and other agriculturists made 
their first purchases of unsoftened Colorado River water from the Metropoli- 
tan Water District during 1956-1957. It is indicated that the purchases for 
agricultural use may also be on an increasing basis in future years. These 
purchases of Colorado River water for direct use have been made for two 
purposes: (1) To provide a softened water which when blended with the local- 
ly produced harder ground water produces water of a quality more desirable 
for use in the home; and (2) To relieve the draft on ground water supplies. 
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The largest volume of Colorado River water ever delivered by the 
Metropolitan Water District to any agency in any one month was to the 

Orange County Water District for ground water replenishment, and was in 

the amount of 21,150.5 acre feet. It was received in June 1957 at a cost of 
$211,505.00. This large volume, to some extent, constituted a thirty-day 

test run to determine the adequacy of the spreading works owned and operated 
by the District in the channel of the Santa Ana River. 


Spreading Operations 


The Orange County Water District owns approximately 800 acres of land 
which is either currently being used or is being developed for water spread- 
ing purposes. Additional areas are also available under existing agreements 
with other agencies. Of the total acreage owned by the District, 725 acres 

are located in a seven-mile reach of the Santa Ana River channel which over- 
lies the recharge portion of the District Basin. This portion is being main- 
tained in such a manner as to obtain the greatest amount of percolation 
economically possible from both the natural flows of water coming from up- 
stream and the Colorado River water which is discharged into the river when 
conditions warrant it. 

Two different systems of spreading have been used in handling the im- 
ported water received in the river. One system is a series of spreading 
ponds of ten to fifteen acres each covering the major portion of the river 
channel and all connected by a by-pass channel. As the water flows down 
the by-pass channel enough water is allowed to flow into each pond to main- 
tain the highest possible water level and give the greatest amount of wetted 
surface. Rates of percolation become reduced as silt settles from the water 
and seals off the surface of the ponds. This system has been used quite ex- 
tensively and gives reasonably good results, but does require considerable 
maintenance. The other system is a series of temporary levees parallel with 
the main side levees and spaced at predetermined distances apart in order 
that both a minimum of side levee scouring and minimum amount of meander - 
ing will occur when water is released at given rates of flow. This second 
method of spreading when combined with a series of ponds at the downstream 
end of the spreading works allows for high rates of spreading with a minimum 
amount of maintenance. This system takes advantage of the gradient in the 
river which is steep enough to keep the velocities at such rates that silt de- 
posits from the natural flows will be picked up and deposited at the lower end 
of the spreading works. There it can be mechanically removed from the 
river or flushed to the ocean during periods of large flood flows. 

The spreading of controlled flows works best in years when Nature is 
stingy with rainfall. The District must at all times preserve the channel of 
the river as the main trunk flood control channel of the watershed. In years 
when the storms within the watershed are of high intensity or long duration, 
the spreading dykes and levees are washed out by the high volumes and veloci- 
ties of flow. This has occurred on two occasions within the past seven years 
and in both instances the dykes and levees have gone out as planned. District 
records also indicate that generally speaking the years in which the spreading 
works are lost are the years in which the larger natural recharges to ground 
water occur. The value of these larger natural recharges more than offsets 
the cost of replacement of the spreading works, since the difference between 
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the natural recharge and the required recharge to sustain well levels must 
be supplied by imported water at the current cost of $12.00 per acre foot. 
The remaining acreage owned by the District is in two parcels located out- 
side the river channel. These are currently being developed for spreading 
areas which will be connected directly to the facilities of Metropolitan Water 
District in order that the District can receive a large portion of its imported 
water during the winter months when the demands for water from the 
Metropolitan Water District are the lowest. When this system is in opera- 
tion it will provide an opportunity to let the river area dry out each summer 
and be in better condition to absorb a larger percentage of the winter and 
spring runoff. One of these spreading sites is approximately twenty-five 
acres and is being excavated to a depth of fifteen feet; the other, a sixty-five 
acre site, is being excavated to a depth of thirty feet. Both areas will be 
surrounded by dykes five feet high to keep out any local runoff and its ac- 
companying silt and clay load, thereby minimizing the maintenance cost. 


RESULTS 


The annual engineering reports on ground water conditions in the Orange 
County Water District indicate the average water level in wells had lowered 
from 21.3 feet above sea level in 1940-1941 to 17.2 feet below sea level in 
1950-1951. This drop of 38.5 feet in the average water level occurred during 
a ten-year period in which 148,583 acre feet of Colorado River water were 
imported to supplement the natural supplies. The reports also indicate an 
additional drop of the average water level in wells to 21.0 feet below sea 
level in 1955-1956. This additional lowering of 3.8 feet in the average water 
level in wells occurred during a five-year period in which 309,852 acre feet 
of Colorado River water were imported. The Engineer’s Report on Ground 
Water Conditions for the water year 1956-1957 indicates a rise in the average 
water level in wells of 5.5 feet during the one-year period from November 1, 
1956 to November 1, 1957 in which the total importations of Colorado River 
water were in the amount of 148,319 acre feet as shown on Table 2. 

Based on the experience to date, the Board of Directors of the Orange 
County Water District is proceeding in the belief that a well-balanced ade - 
quate supply of ground water for all land owners and inhabitants of the 
District can be financed by the present dual assessment system, and that the 
replenishment assessment or charge on the production of ground water is 


fair, equitable, and practical for the area of the Orange County Water 
District. 


~ 
a 
4 
| 
4 
3 


Paper 1861 December, 1958 IR 4 


Journal of the 
IRRIGATION AND DRAINAGE DIVISION 


Proceedings of the American Society of Civil Engineers 


STATEWIDE WATER PLANNING# 


Harvey O. Banks, ! M. ASCE 
(Proc. Paper 1861) 


ABSTRACT 


This paper discusses the importance of long-range planning in development 
of water, with due consideration of the needs of all areas and of all uses and 
demands. With particular reference to water development in California, the 
paper discusses the State’s three-phase investigation: (1) an inventory of 
resources; (2) an inventory of requirements; and (3) a master plan for conser- 
vation and redistribution of the State’s water supplies. 


Nowhere in the fields where civil engineers ply their skills and knowledge 
is the need for long-range planning more necessary than in the development 
of water resources. This is true especially when the problems are statewide 
in scope, as in California. 

In several of the 48 states long-range plans are being proposed and imple- 
mented for the control and conservation of water. Texas (1) has moved for- 
ward by enacting a 200 million dollar loan program to assist municipalities 
and river authorities in building water projects, and the Texas Legislature 
also appropriated funds to develop a comprehensive state water plan. In New 
Jersey 2) various interests have gotten together on a water supply plan in- 
volving the Raritan and Delaware Rivers. And many are familiar with the 
long-range planning for water development in the State of California. 


= 


$6 Billion in Water Projects 


During the past 75 years Californians have built water and power projects 
valued, at today’s prices, at some $6 billion. Many of the projects were con- 
structed at times when the State’s population and financial resources were far 


Note: Discussion open until May 1, 1959. To extend the closing date one month, a 
written request must be filed with the Executive Secretary, ASCE. Paper 1861 is 
part of the copyrighted Journal of the Irrigation and Drainage Division, Proceedings 
of the American Society of Civil Engineers, Vol. 84, No. IR 4, December, 1958. 

a. Presented at the June, 1958 ASCE Convention in Portland, Ore. 

1. Director, California Dept. of Water Resources, Santa Ana, Calif. 
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less than today, and only a fraction of what those resources will be in the 
future. 

These have been noteworthy developments, the majority of them ac- 
complished by local initiative. Out of such a record of achievement, however, 
two facts stand out. First, very few of the developments have been built ac- 
cording to a coordinated comprehensive plan affecting a major portion of the 
State. The outstanding exception is the Central Valley Project, conceived by 
the then State Engineer and his staff and later built by the Federal Govern- 
ment; and it serves only portions of the Sacramento Valley, the Delta and 
portions of the San Joaquin Valley. Secondly, in spite of the combined efforts 
of the many agencies planning and building these California water projects up 
to now, we are fast losing the race to keep apace with the booming growth in 
population, agriculture and industry. 

There is no need in this paper to justify long-range planning. However, 
certain aspects, as related to water development, deserve repetition and 
emphasis. It is well recognized that water has become a scarce resource in 
many areas; in southern California, for instance, local resources have long 
since been almost fully conserved and put to beneficial use. On the other 
hand, the damages sustained from uncontrolled floods continues to mount with 
more intensive and extensive development of the land. The erratic occurrence 
of natural runoff necessitates increasingly expensive physical works to con- 
trol and conserve the available water resources. Most of the good, and cheap, 
dam and reservoir sites have already been utilized. It behooves us to make 
full use to the extent economically possible, of the remaining sites, which are 
all too few in number and expensive to develop. Planned utilization of ground 
water resources and underground storage capacity will become increasingly 
necessary. 

The demands on our water resources are many and diverse, ranging from 
municipal, agricultural and industrial use, fish and wildlife, and recreation, 
to the use of streams and ground water basins for waste disposal. Many of 
these demands are incompatible. Different areas are in competition with one 
another for available water resources. These conflicts in interests and de- 
mands, and the competition for water, both by areas and by type of use, are 
serious now and must inevitably increase in severity with time. Without con- 
tinued, comprehensive long-range planning, and development within the frame- 
work of such planning, it is highly probable that some areas and some uses 
will lose out in the race for adequate water supplies. The objective to be 
sought is balanced development and use for optimum long-range total benefit, 
with due consideration of the needs of all areas and of all uses and demands. 
In view of the increasing scarcity of unused water resources, the ever- 
increasing demand therefor, and the expense involved in providing flood con- 
trol and adequate water supplies, we must insure that we do not make mistakes 
now which may be extremely costly to rectify at a later date. 

In California, at least, the State itself acting through the Department of 
Water Resources is the only agency with sufficiently broad authority and scope 
of interest to do the master planning that must be done. 


History of Long-Range Planning 


Looking back over the span of California’s history, one can see that long- 
range planning has been a vital factor in development of the water resources 
of the State. That history begins within a few years of the Gold Rush when 
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Californians discovered a fact of nature with which we must live. The State’s 
water resources and requirements are very much out of balance geographical - 
ly as well as with the growing season. 

It was soon found that while the northern streams poured large amounts of 
water into the ocean, sometimes with violence, the vast valleys in the central 
and southern sections of the State often were in short supply, and particularly 
during the late summer and fall when the water was most needed. 

Recognition of this imbalance prompted early planning efforts to resolve 
the State’s water problems. 

In 1866, less than two decades after gold was discovered, the State Legis- 
lature appropriated funds for a study of a water supply canal running south 
along the west side of the Sacramento Valley. While this was not exactly 
statewide planning, it was a significant beginning for a youthful and largely 
undeveloped state with a population of only 380,000. 

Twelve years later, in 1878, the Legislature approved “An act to provide 
a system of irrigation, promote rapid drainage and improve the navigation of 
the Sacramento and San Joaquin rivers,” encompassing the entire area known 
today as the California Central Valley. William Ham. Hall was selected as 
the State Engineer to direct the investigation demanded.(3) Hall’s planning 
work was remarkable. First, he was working on an area basis in a region 
500 miles long and containing more than ten million acres of irrigable land. 
Second, his planning was based on almost no factual data as to hydrology, at 
least according to modern standards. Nonetheless, his work has withstood 
the test of time, and formed the basis for many later studies and plans for the 
water development of the Central Valley. Many of his basic concepts are 
incorporated in today’s master planning. 

In the rapid development of the Central Valley area in the twenties, water 
supplies were used without a comprehensive plan for their conservation, pre- 
senting many serious water problems. These problems had been aggravated 
by a period of subnormal precipitation beginning in 1917. As a result, the 
irrigation draft on underground supplies was unusually heavy, causing alarm- 
ing drops in ground water levels. Further, salt water from San Francisco 
Bay was encroaching into the channels of the Sacramento-San Joaquin Delta, 
causing their waters to become unfit for irrigation. 


Comprehensive Investigation Ordered 


Recognizing the seriousness of these conditions, the State Legislature in 
1921 directed a comprehensive water resources investigation. In addition to 
the State Division of Water Resources, many consulting engineers, geologists, 
economists, agriculturists, attorneys and financiers were employed to assist 
with the studies. In 1931, the completed State Water Plan was presented to 
the Legislature. 

The initial unit of the plan, the Central Valley Project, was authorized in 
1934 by the Legislature as a State enterprise, along with provision for its 
financing, construction and operation. A bond issue of $170,000,000 its esti- 
mated cost, was authorized. Because of economic conditions in 1934, the bonds 
never were marketed, and the State turned to federal assistance. Today the 
Central Valley Project is being constructed and operated by the U. S. Bureau 
of Reclamation. It stands as a great monument to the vision of planners like 


William Ham. Hall and his successors in California over the span of a half 
century. 
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The basic concept of the State Water Plan was the moving of surplus water 
from the northern reaches of the Central Valley to the water deficient areas 
in the southern end of the Central Valley, a project to transport water a 
distance of some 500 miles, covering two-thirds of the State. Therein lay the 
major limitation of the State Water Plan. Impressive as it was, it was not 
sufficiently statewide in scope. It did not extend into that vast area south of 
the Tehachapis, where water deficiencies were even greater, and where 
problems soon were to be compounded by one of the greatest mass migrations 
in history. 

With the outbreak of World War II, people from all sections of the United 
States began moving to California, and they have not stopped coming. Equally 
important, industry and commerce began a strong westward movement which 
has accelerated with each passing year. 


More Water for More People 


In 1940, California’s population was 6,907,387. Today it is 14,700,000, 
based on accepted standards for population estimating. In just 17 years the 
state population has more than doubled. In some areas of the State, population 
has doubled in five years. By 1975, reliable forecasts indicate a population 
of 23 or 24 million. 

The effect of such growth on water developments planning cannot be over- 
estimated. Estimates of water requirements are out of date almost before 
they are surveyed and calculated by the engineers. Entire cities start up 
where only months before bare fields existed. More and more land goes under 
cultivation to supply the ravenous demands of these metropolitan centers. 

California’s planners sensed the trend even during the war years, but with 
manpower then at a premium, nothing could be done until the end of hostili- 
ties. As conditions returned more nearly to normal, the State Legislature in 
1947 directed another comprehensive water resources investigation, this time 
encompassing the entire State, and every possible use of water, and staged 
for that date in the future when the State will, to all intents and purposes, be 
under ultimate conditions of development. 

The investigations, completed after ten years of study and expenditure of 
about eight million dollars, have been presented to the State Legislature for 
acceptance as the broad master plan to guide and coordinate future water de- 
velopments by all agencies. The need for a master plan to coordinate the 
activities of the manifold entities engaged in water development, Federal, 
State, local and private, to a common objective and for maximum overall bene- 


fit, cannot be too strongly emphasized. Such a plan is of great assistance in 
the administration of water rights. 


Water Resources Inventoried 


First phase of the investigations was a thorough inventory of all of the 
State’s water resources, which determined that there occurs within the State 
an average annual total of 71,000,000 acre-feet of runoff. To this must be 
added our rights to the use of 5,362,000 acre-feet annually from the Colorado 
River. This inventory also showed, however, that the majority of the supply 
was available in the northern third of the State. On the other hand more than 


two-thirds of the present and ultimate requirement is in the central and 
southern two-thirds of California. (4) 
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It should be emphasized that the figure of 71,000,000 acre-feet runoff is 
an average over a 53-year period. Annual seasonal natural runoff for the en- 
tire State has varied from a minimum of only 18,300,000 acre-feet in 1923- 
24 to a maximum of 135,000,000 in 1937-38. 

Second phase of the planning was an equally thorough inventory of 
California’s water requirements as of the present and of those which will ex- 
ist when the State is completely developed, as best as can be foreseen now. 
This was based on known water use of today, projected cropping patterns, 
land classifications, and estimates of population and commerce. Through 
these studies, it was estimated that the total consumptive water requirement 
including irrecoverable losses, with full development will be about 51,000,000 
acre-feet annually, with agriculture requiring about 80 per cent of that 
amount. (5) 

At first glance it would appear that the solution to the problem is compara- 
tively simple, and that there would be a fairly large margin of safety between 
total supply and ultimate requirement. 

Actually, it is very complex because of the intervening mountain ranges 
between the area of major supplies and areas of major need, the wide range 
of conditions found in California, from rain forest to arid desert, the ne- 
cessity for minimum involvement of presently vested water rights, the wide 
variation in runoff seasonally and from year to year, and because of the vast 
new area of public policy which must be explored in entering such a tre- 
mendous undertaking. 


Master Water Plan 


With these factors in mind, the third and final phase of the investigations 
was undertaken: a master plan for conservation and redistribution of the 
State’s water supplies. The objective of this plan is to show how the im- 
balances of nature can be corrected and water can be provided for all areas 
of California for all uses to the extent that and when, it is necessary and 
practical to do so. Plate No. 1, “Ultimate Development and Transfer of 
Water Under the California Water Plan”, pictures the areas of surplus and 
areas of water shortage, and the general transfer plan. 

The California Water Plan(6) gives full consideration to the use of water 
for municipal, agricultural, and industrial purposes; to hydroelectric power 
development; that is, the full development of the hydroelectric power potential 
consistent with other demands on the water resources concerned and the avail- 
able storage capacity; to flood control needs; to protection of the quality of 
fresh water; to waste disposal and drainage, and to the interests of fish, wild- 
life and recreation. It considers the needs of ali areas of the State. Its full 
implementation would involve the construction of some 376 new major reser- 
voirs throughout the State, with a total storage capacity of about 77,000,000 
acre-feet, to be added to the 20,000,000 acre-feet of storage available in exist- 
ing reservoirs. Conjunctive operation of underground and surface storage 
will be necessary to achieve the degree of conservation necessary. Heavy 
emphasis has been placed on enhancement of fish and wildlife resources and 
on development of the recreational potential because of the social and eco- 
nomic significance to the future well being of Californians. 

The California Water Plan demonstrates that it is physically possible to 
provide foreseeable water needs of a future population in excess of 40 million; 
for a threefold increase in irrigated agriculture; and for nearly a fivefold 
growth in the related municipal and industrial economies. 
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The first unit of The California Water Plan authorized to be built by the 
State is the Feather River Project. It is the first project of its size to be at- 
tempted anywhere in the world. 


Oroville Dam is First Step 


The key unit of the project is a dam to be constructed on the Feather River, 
about five miles above the City of Oroville. The structure will be 730 feet 
high, which is 20 feet higher than Hoover Dam. Behind the dam will be a 
reservoir with a storage capacity of 3,500,000 acre-feet of water, and a shore- 
line of 167 miles. 

Water will be released from the reservoir, flow downstream into the 
Sacramento River, and from there it will travel south into the Sacramento- 
San Joaquin Delta Region. Facilities will be constructed to permit the water 
to cross the Delta without becoming contaminated with salt water coming up 
from the Bay Area. 

From the Delta, the water will be carried south by a series of pipelines, 
aqueducts, tunnels, and pumps for distribution to the deficient areas in many 
parts of the State all the way to San Diego County. 

Other benefits will be realized from the Feather River Project in addition 
to furnishing water to areas of need and providing flood control for the valley. 
Hydroelectric power will be developed from generating plants to be construct- 
ed in connection with the project. Fishing and other recreational activities 
will be expanded by various features of the project. 

Cost of building the Feather River Project is estimated at $1,600,000,000. 
It has been found to be economically and financially feasible. First work was 
started in the spring of 1957 with relocation of roads, railroad tracks, and 
utilities. Forty per cent of this relocation work, for which financing has been 
obtained, is now under contract. 

While this preliminary work done on the Feather River Project puts the 
state actively in the construction business, The California Water Plan is not 
a construction proposal, nor is it a hard and fast listing of individual projects 
which will be constructed at some future date. It is not a proposal for ex- 
clusive state construction; rather we envision a continuing and even closer 
cooperation and coordination between the federal, state and local governments 
as well as private interests, to meet our rapidly growing water needs, within 
the framework provided by The California Water Plan. 

The dams, reservoirs, canals, and pumping plants described briefly in the 
report on The California Water Plan merely represent those works which ap- 
pear, in light of today’s conditions, to be the best means of accomplishing an 
equitable distribution of the State’s remaining available uncommitted water 
resources to the benefit of all areas and all uses. As conditions change, and 
as the State grows, acceptable or better alternatives to the listed work may 
be found. Or, under changing conditions, some of them may never be built. 
Technological advances, in pen water conversion for instance, may render 
some of our planning obsolete. 

In any case, before a single one of the works is built, or even proposed as 
a project for construction, there must necessarily be detailed study given to 
all aspects of the project, including its impact on local areas, water rights, 
matters of water quality, rights of way, and all other matters affecting its 
feasibility, including economic and financial analyses. 
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Planning is Continuous 


All of these detailed studies relate to planning, of course. This may lead 
to the question: When does planning end? 

The answer to that question is that planning must be a continuous process. 
This principle has been well recognized in our work in California. The first 
unit of The California Water Plan, the Feather River Project, barely is under- 
way. Our Division of Resources Planning, however, already is underway with 
more detailed planning on the next phases of The California Water Plan. 
Under the California Water Development Program, the planning engineers are 
doing more detailed exploration work to determine fitness of dam sites and 
locations of other works and to investigate the feasibility of specific projects 
for which a need can be foreseen in the near future. 

Whether or not any of these projects now in the second stage of planning 
will be built, beginning perhaps before the Feather River Project is complet- 
ed, depends on many factors. These include questions of need, financial con- 
ditions, and determination of policy decisions which were discussed earlier, 
Engineers of the California Department of Water Resources, or any other 
Similar organization, would be derelict in their responsibility if they failed to 
have plans ready when they were needed and when that need incites authori- 
zation by the proper authorities. 

In any planning effort, such as The California Water Plan, the engineer 
only can give an orderly presentation of the future requirements as seen in 
light of present conditions. 

Planning cannot be static. Plans must be brought up to date on a continuing 
basis to meet the new requirements in light of future conditions and changing 
technology. 

This flexible attitude toward the development of water resources is the 
concern not only of the engineer, but also of all who share with the engineer 
the vital functions of planning. The final responsibility, however, falls to the 
engineer, for this is an engineering problem. 

Rome was not built in a day. Great water projects sometime span decades 
from conception to completion. Planning to meet requirements of future 
populations must be a continuing process. The needs of the future will provide 
the challenge on which engineering thrives. 
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SYNOPSIS 


When adverse field conditions preclude a direct field investigation of a 
groundwater problem, models can often be utilized to advantage to determine 
directions of flow, velocities, location of hydraulic divides, and to forecast 
conditions which may occur in the future. Two types of models, electric 
analog plotter and hydraulic, were found satisfactory for investigation of a 
groundwater problem located in an unconfined aquifer. 

The electric analog plotter was somewhat limited by the necessity of as- 
suming a one-density system, but otherwise it offered good detailed informa- 
tion on the flow patterns. The hydraulic model operated satisfactorily with 
different density liquids; non-equilibrium conditions were readily studied; and 
a time scale was introduced making it possible to forecast future events which 
would be most difficult to obtain by mathematical analysis. 

The results of the two models checked each other in their field of mutual 
results, which shows their usefulness in the investigation of groundwater 
problems. 


INTRODUCTION 


This paper presents a method of approach toward solving groundwater 
problems when field conditions, because of physical or economic reasons, 
preclude a more direct field investigation. 

This study was initiated to determine whether model studies, both hydraulic 
and electric analog plotter types, could be set up based on several known field 
conditions to determine the unknown field conditions. The unknowns include 
location of hydraulic divides, directions of flow, and projection of events into 
the future. 
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The actual problem to which the model tests were applied was the disposi- 
tion of papermill wastes, sometimes called “lignin” and more accurately 
named “lignosulfonate,” by ponding on the surface of the ground and allowing 
subsequent infiltration into the groundwater. The field location of the waste 
disposal problem is 5 miles south of Wausau, Wisconsin, in the Wisconsin 
River Valley. The infiltration ponds were located 350 feet from the west bank 
of the Wisconsin River. Directly across the river, 600 feet from the east bank, 
was an industrial water well pumping about 500 gpm. 

The waste liquid, upon reaching the groundwater, traveled along with the 
groundwater and discharged into the river. Some waste, however, found its 


way into the zone of influence of the well and subsequently contaminated the 
well water. 


Geo-hydraulic Conditions 


The Wisconsin River has produced a terrace and flood plain system about 
a half mile wide at the ponding area. Hills of Precambrian rock to the east 
and west outline the old river valley. The present river channel is 400 feet 
wide and is about 60 feet below the highest terrace of the valley and about 30 
feet below the ground elevation bordering the river. A crystalline rock base- 
ment of Precambrian age, the center of the preglacial valley, is about 125 

feet below the ground in the ponding area. 

The aquifer is unconfined and composed of sand and gravel. In the lower 
terrace upon which the ponds are dug it ranges in thickness from 100 feet to 
130 feet. The water table in this terrace ranges from about 5 feet below the 
surface near the ponds to about 25 feet below at the well. 

From a pumping test it was determined that the transmissibility coefficient 
was about 100,000 gpd/ft and the coefficient of storage was about 0.10. 

On the west side of the river the movement of groundwater is normal to 
and toward the river. On the east side of the river the groundwater movement 
is much more complicated because of the cone of depression of the well inter- 
acting with a constantly changing river elevation. It is also affected by a nega- 
tive boundary condition to the east. The movement of the groundwater on the 
east side of the river is toward the well in the area of influence of the cone of 
depression. Outside of this cone the general movement is toward the river. 
The cone of depression of the well intersects the river at all times except 
briefly during periods of river stage recession. 

The average gradient of the piezometric surface to the west of the river is 
0.006 ft per ft. The normal nonpumping gradient on the east side of the river 
could not be determined because of the nearly continuous pumping of the well. 
From a detailed study of the negative boundaries and recharge zone, however, 
it was estimated at 0.003 ft per ft. 


Model Studies 


The two models used in this study were the electric plotter shown dia- 
grammatically in Fig. 1, similar to the Analog Field Plotter, and the hydrau- 
lic model as shown in Fig. 3. 
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The advantages of the electric plotter are the ease with which it can be set 
up to fit almost any situation and the speed and accuracy with which the equi- 
potential lines can be plotted. It is limited, however, to two-dimensional 
operation and cannot be used to investigate the flow patterns of liquids of 
different densities. 

In applying the model to the problem at hand, conducting paper (carbon- 
impregnated Type L Teledeltos paper) was cut to represent a cross-section of 
the aquifer normal to the river and passing through the pond and the supply 
well on either side of the river (see Fig. 1). The representative width was 
chosen as 60 feet so as to coincide with the scale and dimensions of the hy- 
draulic model. 

To obtain a quantitative determination of the current flow within the con- 
ducting paper, it was necessary to control the current input at each of the 
several sources and output at each of the sinks. This was done by using 
variable resistances and adjusting them until, with the aid of milliammeters, 
the parallel circuit was balanced as desired—the current in the sources and 
sinks being proportional to those in the field. The sources were the west 
groundwater increment, the east groundwater increment, and the pond. The 
sinks consisted of the river and the water well. 

The operation of the electric plotter is based on the fact that Ohm’s law 
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(E = RI) is similar to Darcy’s law for two-dimensional laminar flow (H = KQ), 
where E corresponds to head H, R to hydraulic resistance K, and I corres- 
ponds to rate of flow Q. The groundwater sources, represented by the elec- 
trodes at either end of the conducting paper, supply about 37,200 gpd from the 
west and 20,500 gpd from the east in a 60-foot-thick section. So the current 
supplied to the electrodes was 1.00 milliampere and 0.55 milliampere, re- 
spectively. The pond electrode was supplied with 0.40 milliampere represent- 
ing about 14,900 gpd. Difficulty was encountered in representing the three- 
dimensional radial flow around the well in a two-dimensional linear-flow 
model. The approach was to use 5 percent of the total discharge as the 
representative discharge, so that 0.97 milliampere was taken out at this sink, 
representing 36,000 gpd. The rest of the current in the circuit had to leave by 
the river electrode and amounted to 0.98 milliampere, equivalent to 36,600 
gpd. The total current put into the circuit amounted to 1.95 milliamperes 
representing 72,600 gpd; thus 1.00 milliampere was equivalent to 37,200 gpd. 
The results of the electric plotter are given in Fig. 2. Note that the path 
of the waste from the pond to the river shows very little downward movement, 
traveling only through the very upper portion of the aquifer. This is due to 
the fact that the waste had to be considered as having the same specific gravity 
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as the water and because it was impossible to show the mixing of the two 
miscible fluids. The groundwater from the west divided at elevation 1070— 
that above 1070 discharged into the river while that below traveled to the well. 1 
The river also contributed water to the well, the boundary of this discharge iS 


starting at station 10+11 and leveling out at elevation 1121 in its travel to the oo 
east. 


Hydraulic Model 


The conditions set up on the electric plotter were also set up on a hydraulic 
model. The advantages to be gained from this type of model are that fluids of 
any density can be used, nonequilibrium conditions can be studied, and future " 
events can be forecast. The model as constructed for this study has an in- j 
finite variety of applications and is limited in use only by the ingenuity of the : id 
investigator. Its purpose was three-fold: first, to check the results of the q 
electric plotter for flow with one liquid of constant density; second, to deter- i 
mine the effect of adding another liquid of greater density to the system; and 
third, to study nonequilibrium conditions such as those produced by creating j 
a flood stage in the river, stoppage of ponding, or changing the discharge of 
the well. 

The model was constructed to correspond to the proportions of the electric 
plotter. See Fig. 4. The dimensions chosen were 96 inches by 24 inches by 
3 inches. The sides were made of 3/8-inch lucite held together by small 
structural steel angles. An 80-mesh copper screen was used at either end of 
the model to obtain a constant vertical potential at those points. The 80-mesh 
screen was also used to construct the well. A 20-mesh screen was used for q 
the river and pond lining. The Precambrian basement domes were made of 4 
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glazing putty, as were the vertical quarter-inch deep strips placed every 

10 inches to insure against short-circuiting the liquids along the sand-lucite 
interface. The aquifer consisted of silica sand from a local gravel pit and 
had a porosity of 32 percent. The size analysis of the sand was as follows: 


Percent as 


Sieve Size Large or Larger 
20 11.3 
40 47.5 
60 81.6 
80 96.4 
100 98.4 
200 99.9 
Pan 100.0 


The path and velocity of the water in the model were determined by use of 
fluorescein dye injected through glass tubes which had been inserted into the 
sand aquifer. The tubes had tapered points to control the amount of dye in- 
jected and to keep the tube from becoming plugged with sand. The pH of the 
dye was reduced to 7-1/2 to match the pH of the water. To trace the move- 
ment of the waste from the pond, dye was added directly to the pond. The 
piezometric surface was determined from manometer tubes placed at various 
points along the length of the model. The liquids were added to the model by 
use of rubber tube siphons and constant head bottles. 

All liquid movements in the model were due to gravity, all movement being 
laminar flow with Reynold’s number controlling the hydraulic similitude 
obtained. 

In applying this model to the Wisconsin River Valley problem, a calcium 
chloride solution was used to represent the waste fluid. The specific gravity 
of the solution was made the same as that of the waste fluid—1.03. The quan- 
tities introduced into the model were limited by the permeability of the sand 
aquifer. All quantities were proportional to and about 0.0006 of the field 
quantities. To simplify the measurements, convenient reductions were made 
as follows: 37,200 gpd would be represented by 37.2 milliliters per 40 
seconds, and 14,900 gpd by 14.9 milliliters per 40 seconds. The dye markers 
were placed at critical points to locate hydraulic divides and to determine 
typical velocities. 

The results of the hydraulic model test are shown in Fig. 3. The ponded 
wasie interface reached a minimum elevation of 1106 feet, while in the field it 
could be expected to be much lower than this. The depth to which the waste 
sank in the aquifer is partially a function of time, and thus the 135-day travel 
time in the field can be expected to result in deeper penetration than the 2- 
hour travel time in the model. This discrepancy could be minimized, how- 
ever, by using smailer model quantities and thus lower veiocities. This 
would, of course, extend the lengtn of time of the test. 

The discharge from the river to the well was easily defined because the 
river water had been heavily colored by the dye coming from the pond. The 
discharge zone began at station 10+30 and in traveling to the weil leveled off 
at elevation 1121. 

The nonequilibrium conditions caused complete reversals of flow in some 
instances and only minor changes in velocities or direction in others. Effects 


7 
4 
iy 
~ 
4 
q 
ie: 
iss 


ASCE GROUNDWATER PROBLEMS 1862-7 


of stoppage of ponding or well discharge were simulated simply by cutting off 
the respective model source or sink. The condition of river flood stage was 
simulated by adding water directly to the river so that the elevation of the 
river surface rose to the appropriate level. 

Forecasts of future conditions were made by relating model velocities of 
waste and water movement to the field velocities by using a determined 
velocity ratio. A velocity ratio of 1 inch per minute in the model equal to 10 
feet per day in the field was arrived at by equating model velocities with 
known field velocities. The field velocities were determined by actual field 
tests and confirmed by analytical methods. 


Comparison of Results 


In order to compare the results of the hydraulic model with those of the 
electric plotter, ordinary water was used in the hydraulic model to represent 
the ponded waste. In this way identical conditions were created in both 
models. The results of the tests of the two models are shown in Fig. 5. The 
ponded waste boundary in the hydraulic model reached a minimum elevation 
of 1113 feet, while that in the electric plotter model reached only 1116 feet. 
The interface between the discharge from the river and from the west ground- 
water source to the well was somewhat above and to the east of the interface 
as determined by the electric plotter. The hydraulic divide between the west 
groundwater going to the river and to the well as determined by the electric 
plotter model is within a few feet of the divide determined by the hydraulic 
model. The results of the two types of models are close enough that either 
model can be considered reliable and capable of producing satisfactory re- 
sults when movements of liquid of one density are being investigated. 
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The model results check with known field conditions, except that the sink- 
ing of the waste in the models is minimized. The contribution of water by the 
river to the cone of depression of the well has been verified by mathematical 
analysis and field observations. The movement of water under the river from 
west to east has also been verified by waste-liquid contamination tests per- 
formed in the field. Several fluid velocity measurements made in the field 
have also checked out the comparable velocities as determined in the model. 


CONCLUSIONS 


From the model tests described and the results obtained, it can be stated 
that quantitative groundwater analyses can be made on either the electric 
plotter model or the hydraulic model. Directions of flow are easily deter- 
mined by the path of the dye streaks in the hydraulic model and by the indi- 
cated potential drops in the electric plotter model. In the same manner, 
hydraulic divides can be fairly accurately located. Even such unknowns as 
unmeasurable groundwater discharges can uSuaily be determined. Finally, 
the forecast of conditions which may occur in the future can be made because 
of the possibility of incorporating a time scale into the hydraulic model tests. 
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(PO4), 1734(PO4), 1735(PO4), 1736(PO4), 1797(PO4), 173B(PO4), 1799(PO4), 1740(PO4), 1741(PO4), 1742 
(PO4), 1743(PO4), 1744(PO4), 1745(PO4), 1746(PO4), 1747(PO4), 1748(PO4), 1749(PO4). 


SEPTEMBER: 17500:R3), 17610R3), 1756(STS), 1757(STS), 
1758(8TS), 1759(STS), 1760(STS), 1761(STS), 1762(6TS), 1765(STS), 1764(STS), 766(WWw4), 
LT67T(WW4), 1768(WW4), 1760(WW4), 1770(WW4), LTT2(WW4), 1TTS(WW4), LTT4(IR3), 1775 
(IR3), 1776(SA5), 1777(SA5), 1T7BQBAS), 1779(GAS), 17BO(SA5), 1781(WW4), 1782(SA5), 1783(SA5), 1784 
1786(SA5)°, 1787(STS)°, 1 788CR3), 


OCTOBER: 17¢0(&M4), 1701(8M4), 1702(2M4), 1703(6M4), 1794(8M4), 1795(HW3), 1796(TW3), 1 
1706(HW3), 1790(HWS), L800(HW3), 1601(HW3), 1802(HW3), 1803(HW3), 1804(HW3), 1805(HW3), 1806 
(HY5), 1807(HY5), 1800(HYS), LGLO(TYS), 1611 (1TYS), 1812(6M4), 1813(SM4), 1814(ST6), 1815 
(STG), 1816(STS), 181 7(STS), 1818(STS), 1G19(STS), 1820(STS), 1821(STS), 1822(M4), 1823(POS), 1824 
(SM4), 1825(SM4), 1826(6M4), 1827(8TS8)°, 1830(PO5)*, 1632(HYS)° 


NOVEMBER: 1633(HY6), 1834(HY6), 1835(8A6), 1836(ST7), 1837(ST7), 1838(ST7), 1830(ST7), 1840(ST7), 
L841(8T7), 1842(SU3), 1643(SU3), 1844(6U3), 1845(6U3), 1846(SU3), 1647(8A6), 1848(SA6), 1849(SA6), 
1850(SA6), 1851(SA6), 1852(GA6), 1853(SA6), 1854(8T7), 1855(8A6)*, 1856GTYG)*, 1858 
(8u3)°. 

DECEMBER: 1859(HY7), 1860(IR4), 1861 (IR4), 1862(IR4), 1863(SM5), 1964(SM5), 1865(ST8), 1866(STS8), 1967 
(STS), 1868(PP1), 1860(PP1), 1870(PP1), 1871(PP1), 1872(PP1), 1873(WWS), 1874(WWS), 1875(WWS), 1876 
(WW5S), 1877(CP2), 1878(STS), 1S79(STB), 18BO(HY7)©, 1881(6M5)°, 1882(sTS)°, 1808(PP1)°, 1884(Wwws)°, 
1885(CP2)°, 1886(PO6), 1687(PO6), 1888(POS), 1889(POS), 1890(iTY7), 1891(PP1). 


é. Discussion of several papers, grouped by divisions. 
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